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ARTICLE INFO ABSTRACT 


Keywords: The study deals with the use of different amounts of MgO or tetraethyl orthosilicate (CgH2904Si, TEOS), from 
Ce:YAG ceramic Phosphors 0.04 wt %, 0.06 wt %, 0.08 wt %, 0.4 wt %, 0.6 wt % to 0.8 wt %, respectively, as additional sintering aids during 
White LED the vacuum sintering of transparent Ce*+ doped Y3Al5012 (Ce:YAG) ceramics to investigate their effect on 
iad aids microstructure and luminescence properties. A comparative study was carried out by using X - ray diffraction, 


sit scanning electron microscopy/energy dispersive X - ray spectroscopy, optical and photo-luminesce spectra, as 
well as electroluminescent spectra. The dominant garnet phase was obtained even when adding 0.8 wt % of MgO 
or TEOS, while adding MgO led to finer average grain size (~ 5 - 10 um) and more homogenous distribution 
compared to TEOS (~ 20 - 25 um) in Ce:YAG ceramics. Adding a large amount of MgO was found to result in the 
segregation of MgO in Ce:YAG ceramics, while an excess of TEOS led to the segregation of Al203. A strong 
absorption peak at 308 nm was observed in Ce:YAG ceramics with MgO sintering aids, which was ascribed to the 
existence of Ce** induced by a charge compensation effect of Mg?*. The optimum transmittance reached 80% @ 
800 nm in Ce:YAG ceramics when adding 0.6 wt % TEOS, which also exhibited a maximum luminous efficacy of 
106 Im/W. Si** was experimentally proved to have a better optimization effect on luminous efficacy compared to 
Mg”. 


1. Introduction LED/LD lighting [7,8], bulk phosphors, such as transparent ceramics 


[8-10], composite ceramics [11,12], glass ceramics [13,14], and single 


Ce:YAG is a classical luminescence material, which has a long history 
of study [1]. It can be used as a highly efficient phosphor in white 
light-emitting diode (LED) or laser diode (LD) lighting [2], or as a 
scintillator in high-resolution X - ray imaging [3] or high energy physics 
[4], and even in solar cells [5], etc. Moreover, the YAG matrix possesses 
excellent thermal (13.4 W/mK) [6] and mechanical properties (Young’s 
E 280 GPa) [6]. In recent years, due to the development of high-power 


crystals [15] have attracted worldwide research interest due to their 
superior thermal conductivity as compared to organic epoxy resin or 
silicone. Among those, Ce:YAG transparent ceramics were actively 
studied from the fabrication method [9,16] to composition engineering 
[17,18]. They were considered to possess advantages over glass ce- 
ramics or single crystals for higher luminescent efficiency, lower fabri- 
cation temperature, mass production and the feasibility of composite 
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Table 1 
The name list of Ce:YAG ceramics sintered with different amounts of sintering 
aids of MgO or TEOS, respectively, and their corresponding abbreviations. 


abbreviations name of 0.5 at. % Ce:YAG ceramics 
and the mole ratio of sintering aids ions with Ce?+ 


Sintering aids amount (wt. %) 


MgO Mg?*/Ce*+ TEOS _ Si**/Ce** 
0.04 CYM1 0.39 CYS1 0.08 
0.06 CYM2 0.59 cys2 0.11 
0.08 CYM3 0.79 CYS3 0.15 
0.4 CYM4 3.93 CYS4 0.76 
0.6 CYM5 5.90 cYs5 1.14 
0.8 CYM6 7.87 cYs6 1.52 


structure design [19,20]. 

Sintering aids were commonly used to produce transparent ceramics. 
In the 1950s, Coble [21] demonstrated a pioneering fabrication of 
translucent Al203 ceramics by adding a small amount of MgO as a sin- 
tering aid. In the 1980s, de With and van Dijk [22] reported the first use 
of SiOz doping to achieve translucent YAG ceramics. Since then, MgO 
and TEOS were most commonly used as sintering aids during the 
fabrication of YAG transparent ceramics to promote densification, lower 
the numbers of scattering sources, such as pores, improve optical 
transmittance and homogeneity, etc. After investigated the addition 
features of MgO (0.01 - 0.15 wt %) in YAG transparent ceramics, the 
solubility limit of MgO was proposed to be 0.06 wt % and Mg”* most 
likely substituted Al?" sites, while exceeding the solubility limit led to 
the precipitation of spinel secondary phases [23]. The study on 0.03 wt 
% - 0.18 wt % MgO-assisted densification of YAG ceramics revealed that 
the optimum transmittance was obtained when adding 0.03 wt % MgO. 
With a further increase of MgO, significant grain growth occurred along 
with the generation of intragranular pores, as well as the Mg-rich sec- 
ondary phase, which deteriorated the optical properties of YAG ceramics 
[24]. Meanwhile, the effect of TEOS on YAG transparent ceramics was 
also reported, especially in Nd:YAG laser ceramics [25,26]. TEOS de- 
composes to SiOz, H20, and CO, at high temperatures, si** was 
considered to be able to substitute onto tetrahedrally coordinated Al** 
sites during densification as long that solubility limit is not exceeded 
[26], the content of SiO would increase both densification and grain 
growth rate at a lower temperature and second phases crystalline forms 
when Si** no longer soluble. 

Furthermore, as an external additive outside the chemical stoichio- 
metric, sintering aids were noticed to have effects on not only micro- 
structure but also luminescence properties [27-29]. Mg”* was generally 
found to be able to shorten the scintillation decay while decrease the 
luminescence efficiency, such as in Ce** or Pr** doped LusAlsO12 
(LuAG) [30-32], (Gd,Lu)3Al5012 (GLAG) [33], Gd3(Al,Ga)5012 (GGAG) 
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scintillators [34-36]. A blueshift emission in Si** doped Ce:YAG was 
found which was attributed to a decrease in the splitting of 5d levels of 
the Ce** ion and the thermal stability was greatly improved [37]. Be- 
sides, 5 wt % SiO2 - added Ce:YAG ceramic phosphors exhibited an 
increased quantum efficiency (more than 15%) and higher thermal 
stability (a 10% increase at 150 °C) compared to pristine Ce:YAG, it was 
attributed to a denser microstructure and an increase in thermal acti- 
vation energy by Si substitution of Al in the host [38]. It was also found 
that moderate Si-codoping is efficient in reinforcing the radiation 
hardness and scintillation properties of Ce:YAG crystals [39]. 

The effect of MgO and TEOS as compound sintering aids was also 
studied in YAG, LuAG [32] and GdYAG [40] et al.. Compared to the 
single-used MgO or TEOS sintering aids, ceramics with compound sin- 
tering aids were found to exhibit better transparency and more homo- 
geneous grains [41]. Meanwhile, high luminescence efficiency of 93.6 
lm/W (blue light LED excitation) and 178.5 Im/W (blue light LD exci- 
tation) can be obtained in Ce:YAG ceramics with compound MgO (0.08 
wt%) and TEOS (0.8 wt%) additives [42]. However, interaction between 
Mg?" and Si** ions was also found to exist during the sintering of YAG 
ceramics [43]. Furthermore, due to the similar ion radius with Al >*, 
Mg”* and Si** can also solute into the YAG matrix and act as sub- 
stitutions. Ce:Y3MgxAls-2xSixO12 (Ce:YAMSG) and Ce?+:Lu3(Al,Mg)2(Al, 
Si)3012 (Ce:LUAMSG) transparent ceramic phosphors have been devel- 
oped successively [12,17,18,44,45]. It is found that the ion pair sub- 
stitution of Mg?* - Sift to AIt - Alt can reduce the sintering 
temperature, shrink the energy bandgap and enhance the crystal field 
(CF), and correspondingly low the 5d level of Ce*+ to introduce lumi- 
nescence redshift. However, the absolute quantum efficiency of Ce?* 
emission and the luminescence stability at high temperature decreases. 

In summary, all the above works indicated the existed effect of MgO 
and SiO» for the optimization and application of YAG or other aluminate 
garnet transparent ceramics, we also noticed that the adding amount of 
MgO (0-0.2 wt %) was usually one order of magnitude lower than that of 
TEOS (0.5 - 1.0 wt %) in the previous studies. It might due to the sol- 
ubility limit of Mg?* in YAG is considered to be around 0.06 wt % [23]. 
Considering the proper amount of second phase particles can change the 
direction of light propagation in ceramics which may increase the ab- 
sorption of excited light and the extraction of emitting light [40], we 
extended the adding amount of both MgO and TEOS to a wider range, 
and focused on the effects of MgO and TEOS as single sintering aids, 
respectively, in Ce:YAG ceramics by the vacuum sintering method, i.e. 
varying by one order of magnitude, the resultant microstructure, optical, 
and luminescence properties of Ce:YAG transparent ceramics were 
characterized to clarify the mechanism of sintering aids. 


M@) C&:YAG céfallilics SICCAS 


Si} @: YAG céramics SICCAS 


Fig. 1. Photograph of the Ce:YAG ceramics sintered with different amounts of sintering aids, CYM 1-6 (top row) or CYS 1-6 (bottom row); each dimension is 4 x 4 x 
0.5 mm, double face polished, the additive amount is 0.04, 0.06, 0.08, 0.4, 0.6, and 0.8 wt % (from left to right), respectively. 
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Fig. 2. XRD patterns of the Ce:YAG ceramics with different amounts of sintering aids (a) CYM 1-6; (b) CYS 1 - 6. 


2. Experimental process 
2.1. Ceramics fabrication 


Ce:YAG ceramics were fabricated by the solid-state reaction method 
through vacuum sintering. High-purity commercial powders, «-Al2O3 
(>99.99%), Y203 (>99.99%) and CeOz (>99.99%), were used as raw 
materials. They were weighted according to the chemical stoichiometry 
of (Ce0.005Y0.995)3Al5012, i.e. 0.5 at. % Ce?+ doped YAG. High-purity 


MgO powders and TEOS solvent were used as external additives 
outside the chemical stoichiometry of Ce:YAG. As mentioned before, the 
TEOS would decompose SiO2, H20, and CO% at high temperatures and 
the SiO2 would act as sintering aids finally. The adding amount was 0.04 
wt %, 0.06 wt %, 0.08 wt %, 0.4 wt %, 0.6 wt %, 0.8 wt %, respectively. 
The as-sintered Ce:YAG ceramics were named CYM and CYS and 
numbered according to the additive amounts of MgO or TEOS which are 
listed in Table 1, where their relative molar ratio with respect to Cet 
were calculated and listed. 
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Fig. 3. The grain size morphology of the Ce:YAG ceramics with different amounts of sintering aids by SEM and their calculated grain size distribution. (a) CYM 1 - 6; 


(b) CYS 1 - 6. 
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Fig. 4. The map scanning of elements distribution in the Ce:YAG ceramics with 0.04 wt% MgO sintering aids (CYM1, 0.04 wt %) characterized by SEM - EDS. (a) 
SEM morphology; (b) O elements; (c) Ce elements; (d) Y elements; (e) Al elements; (f) Mg elements. 


The above-mentioned powders were mixed by a high-energy ball 
mill apparatus at 200 rpm for 12 h using alcohol as the ball milling 
medium. The slurry was dried in the air at 70 °C for 1 — 2 h and then 
sieved by a 200-mesh griddle. The obtained powders were calcined at 
600 °C for 4 hin a muffle furnace to eliminate the possibly introduced 
organic impurities. Ceramic green bodies with dimensions of ® 25 mm 
x 2 mm were formed by a 4 MPa uniaxial press and 200 MPa cold 
isostatic press, sequentially. The ceramic green bodies were sintered ina 
pressureless vacuum furnace at a temperature of 1750 °C for 20 h. The 
vacuum reached down to 107^ Pa during the temperature holding 


process. The as-sintered ceramics were then cut and double-face pol- 
ished to an optical grade to the dimension of 4 x 4 x 0.5 — 0.8 mm? for 
further measurements. 


2.2. Characterization 


The ceramic phase was determined by X - ray diffraction (XRD) 
measurement using an Ultima IV diffractometer (Cu Ka, 40 kV, 40 mA; 
Rigaku Corp., Japan) with a step size of 0.02° in a 20 range of 10 - 80° 
and a scan rate of 2°/min. The images showing the grain size 
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Fig. 5. Map scanning of elements distribution in the Ce:YAG ceramics with 0.06 wt % TEOS sintering aids (CYS2, 0.06 wt %) characterized by SEM - EDS. (a) SEM 
morphology; (b) O elements; (c) Ce elements; (d) Y elements; (e) Al elements; (f) Si elements. 


morphology and map scanning of elements distribution in the Ce:YAG 
ceramics were characterized by a high-resolution scanning electron 
microscope (HR - SEM) S - 3400 N equipped with an energy dispersive X- 
ray spectroscope (EDS) (Hitachi Ltd., Japan). Before the SEM test, the 
Ce:YAG ceramics were double-face polished and thermally etched in the 
air at 1500 °C for 3 h. Grain size distribution of thermally etched ce- 
ramics was determined by using the linear intercept method. A correc- 
tion factor of 1.56 was used to convert average intercept length to real 
grain sizes. Average grain size was determined from obtained distribu- 
tion. At least 300 grains were analyzed for each measurement. 

The absorption spectra were measured using a UV-Vis—NIR spec- 
trophotometer Cary 5000 (Varian Medical System Inc., USA), and the 
apparatus baseline was subtracted automatically. Photoluminescence 
emission (PL) and excitation (PLE) spectra were recorded on a fluores- 
cence spectrophotometer F - 4600 (Hitachi Ltd., Japan) with a scan rate 
of 1200 nm/min, with a xenon lamp as a light source. The electrolu- 
minescent (EL) properties, including EL spectra, Correlated Color Tem- 
perature (CCT), Commission Internationale de Éclairage (CIE) color 
coordinate, Color Rendering Index (CRI), and luminous efficacy, were 
measured using a spectroradiometer PM - 80V1 for LEDs with an inte- 
grating sphere (Everfine Co., China); the ceramics were excited by a 
commercial blue LED chip with 445 nm wavelength. 

The LD luminous flux was recorded using an integrated optical and 
electrical meter (YF - 1000 high accuracy array spectroradiometer, PM- 
50 UV - VS - NIR spectroscopy analysis system; Everfine Co., China). The 
excitation source was a blue LD chip (450 nm, 1.4 W); the laser was 
focused on the ceramics in a ọ 2 mm area range. 


3. Results and discussion 


Fig. 1 is the photograph of the as-sintered 0.5 at. % Ce:YAG ceramics. 
It can be seen that all of them reached visible transparency after double- 
face polishing. The color of CYM ceramics changed gradually from 
yellow to orange with increasing MgO addition while CYS ceramics 


retained yellow color. The dark color may be ascribed to the oxygen 
vacancies caused by the divalent cations (Mg?") [29,46] or the reduced 
fabrication environment of the ceramics [32]. Some works also found 
that the increased splitting of the Ce?" 5d configuration may be caused 
by the substitution of Al?* with Mg?+ [47], but CF caused strength 
variation may only change the hue. The detailed mechanism will be 
illustrated by the following characterizations. 

Fig. 2 shows the XRD patterns of the as-sintered 0.5 at. % Ce:YAG 
transparent ceramics with different amounts of sintering aids (MgO or 
TEOS). The crystalline phases of all the ceramics were well indexed by 
the cubic YAG phase (PDF # 033-0040). The enlarged view of a 
prominent peak shows the diffraction angular shifting towards higher 
angles with respect to standard YAG phase. This angular shifting leads to 
decrease of the cell parameters. Mg*'/Si** did not result in any signif- 
icant changes in the host structure and no detectable second phase was 
observed even when the sintering aids were heavily added to 0.8 wt%. It 
is also consistent with the previous works [48]. It was demonstrated that 
the YAG lattice structure could accommodate Mg”*/Si** over a wide 
concentration range. The weakened XRD intensity in Ce:YAG ceramics 
with 0.8 wt % TEOS sintering aids, as shown in Fig. 2 (b), may be due to 
the possible vitrification tendency in the situation of heavy SiOz intro- 
duction [49,50]. However, it does not mean that there are no any second 
phase at all since the detect limit of XRD technology is around 1%. From 
the following SEM and EDS test we can find traces of impurities, as well 
as the segregations of Al203 and MgO, which means an existence of local 
nonstoichiometric or second phase (probably some spinel is formed). 

Fig. 3 (a) presents the morphology of the Ce:YAG ceramics grains 
with different amounts of MgO sintering aids which were characterized 
by SEM. Grain size distribution and average grain size of constituent 
phases were furtherly calculated by the linear intercept method using 
the SEM images of the thermally etched surface of Ce:YAG ceramics. 
Comparatively, Ce:YAG ceramics with the addition of 0.08 wt% MgO or 
0.8 wt% MgO exhibited the most homogenous grain size distribution 
morphology and almost pore-free microstructure. Besides, a small 


Q. Zhang et al. 


&% 
oO 


—@— YAG phase 
~O-- Secondary phases 


N 
oa 


N 
oO 


o 


Average grain size (mkm) 


oO 


.0 0.2 0.4 0.6 0.8 
MgO amount (wt.%) 


Ww 
oO 


—-— YAG phase 
5 -£ Secondary phases 


O a O 


Average grain size (mkm) 


0 - 
0.0 0.2 0.4 0.6 0.8 
TEOS amount (wt. %) 


Ww 
oO 


—0— TEOS sintering aid 
(c) —O— MgO sintering aid 


N 
(Sz 


oa 


Average grain size (mkm) 


0 
0.0 0.2 0.4 0.6 0.8 
Amount of sintering aids (wt.%) 


Fig. 6. Comparison of the calculated average grain size of the constituent 
phases for Ce: YAG ceramic samples with different sintering aids amounts of (a) 
MgO (CYM 1-6) and (b) TEOS (CYS 1-6); (c) generalized comparison for the 
matrix (YAG) phase. 
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amount of micropores could be observed in triple grain boundaries and 
inside grains, which would act as light scattering sources to degrade the 
in-line transmittance of transparent ceramics [51,52]. Correspondingly, 
the grain size morphology of Ce:YAG ceramics sintered with TEOS (Si**) 
additives is presented in Fig. 3(b). TEOS additives led to a significant 
increase in the grain size in Ce:YAG ceramics, much larger than in the 
MgO case. Unlike the case of MgO, TEOS introduced very small porosity 
but worse homogeneity. Si** thus is proved to promote both densifica- 
tion and grain growth rate effectively leading to coarsening-dominated 
grain growth in Ce:YAG ceramics. 

As shown in Figs. 4 and 5, the map scanning of elements distribution 
in Ce:YAG ceramics with 0.04 wt% MgO or 0.06 wt% TEOS was recor- 
ded by SEM-EDS. By the comparison of the O element, Ce element, Y 
element, Al element, Mg element, and Si element, it can be seen clearly 
that there are Mg-rich regions in the ceramics even at the lowest MgO 
additive amount (0.04 wt %). Y, Al, and Ce elements were distributed 
homogenously in the detecting fields. Furthermore, Al-rich regions 
instead of Si-rich regions can be observed in the EDS map. Considering 
their ion radius relationship at 4 coordinator number sites, Si** (26 p. 
m.) < Al?+ (39 p.m.) < Mg? (57 p.m.) [53], one can suggest that Si** is 
more competitive during the substitution onto tetrahedrally coordinated 
Al?* sites with respect to Mg? ions [26]. The shift of XRD peaks to 
higher angular, as shown in Fig. 2 (b), also support this proposal. 
Accordingly, Mg?* (radius 89 p.m., 8 coordinator number) would tend 
to occupy the dodecahedron lattice site of y+ (radius 101.9 p.m., 8 
coordinator number), and that’s why there is also red shift of XRD peaks 
in Fig. 2 (a). 

Fig. 6 shows their grain size distribution histograms for both CYM 
and CYS sample series. It can be seen that the grain size of CYMs is 
generally lower than that of CYSs, and the size distribution of the former 
is narrower, Mg”* thus exhibited a more remarkable effect on inhibit 
grain growth than that of Si**. Therefore, an overall average grain size 
enhancement can be observed in ceramics with TEOS additives (~ 20 — 
25 um) compared to the MgO case (~ 5 — 10 pm) (see Fig. 6 c). It also can 
be seen that there are two stages of grain size evolution, i.e. an increase 
followed by a decrease, from 0.04 wt % MgO to 0.08 wt % MgO or from 
0.4 wt % MgO to 0.8 wt % MgO, respectively. Mg?* was commonly 
considered to have an inhibition effect on grain growth resulting from 
the solid solute drag effect during densification [23,24]. However, this 
work shows that such inhibition did not develop linearly with the Mg?* 
concentration. It could be attributed to the competition of promoted 
densification [24,50]. The microstructure’s evolution of the YAG phases 
differs more significantly. The average size of secondary phases is 
around: 2.5 — 4.5 um and 2.5 — 7.5 um for CYM and CYS sample series, 
respectively (see Fig. 6 a, b). In general, the quasi-spherical morphology 
corresponds to these impurities. 

Fig. 7 shows the comparison of in-line transmittance and absorptance 
spectra in the visible light range of Ce:YAG ceramics (thickness 0.8 mm). 
The optimum transmittance of CYS ceramics reached up to ~ 80% @ 
800 nm, which is higher than that in the CYM case (70% @ 800 nm). 
Generally, there are two absorption bands located at 350 nm and 450 
nm, respectively, which made Ce:YAG proper phosphors for excitation 
of blue LED/LD chips. The transitions take place starting from a ground 
state ?F5/2, resulting from the spin/orbital splitting of a “f; configuration 
(which is further split by a cubic + tetragonal CF). The excitation 
(arrival states) stems from the 5d; excited configuration. The Ey ground 
level of such a configuration under a cubic CF is further split by the 
tetragonal part of the CF into a Aig anda "Big levels: the former is the 
arrival state for the 450 nm band and the latter for the 350 nm band 
[54]. 

Besides, this work also revealed that the absorptance character in the 
250 — 450 nm range was dramatically different between CYM and CYS 
series ceramics, as shown in Fig. 7 (c), compared with CYS series ce- 
ramics, there was a strong absorption before 350 nm in CYM series ce- 
ramics. An obvious absorption peak located at around 308 nm was 
observed in CYM ceramics. The presence of the Ce** charge transfer 
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(b) Ce:YAG ceramics with TEOS sintering aids 
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Fig. 7. Comparison of the in-line transmittance spectra of the Ce:YAG ceramics (thickness 0.8 mm), (a) CYM 1-6; (b) CYS 1-6, respectively. (c) Comparison of the 


absorptance spectra of CYM5 and CYS5. 


(CT) absorption was reported to peak at about 240 nm in Ce, Mg:LuAG 
ceramics [32,55], and an additional absorption band around 300 nm 
was also ever reported in Ce:LuAG ceramics [56] without confirmation 
of the origin, however, considering the Ce** is a dọ and fọ cation, its 
bands are of the charge transfer type only viz and not influenced by the 
CF. One cannot attribute the 308 nm peak to Ce** in Ce:YAG ceramics 
and further mechanism need to be studied. 

Fig. 8 shows the PLE (Aem = 530 nm) and PL (Aex = 450 nm) spectra of 
the CYM and CYS series ceramics at room temperature. All of the ce- 
ramics have the excitation band at 350 nm and 450 nm which are 
characteristically attributed to the 4f-5d transition of Cet. A broad 
emission peaking at around 530 nm also appeared in each CYM or CYS 
ceramics regardless of the sintering aids amount when excited by 450 
nm wavelength light. It reveals that the adding of Mg? and Si** here 
does not introduce a change in the band gap of YAG or 5d levels of Ce**. 
Defect states were also reported to be missing in the YAG band gap [57]. 
The emission can be attributed to the transition of Ce*+ electrons from 
the 5d excited state to the ?F5/2 and 7F7/2 ground states [54]. It also 
demonstrated the solid solute of Ce?* in the YAG matrix. CYM2 and 
CYS5, which have optimum room temperature PL intensities, were 
selected to investigate their thermal luminescence stability in the tem- 
perature range of RT — 225 °C, as shown in Fig. 9. It was found that the 
PL intensity decreased with an increase in temperature and 50% PL 


intensity could be kept at 225 °C. Besides, the PL intensity of CYM2 
decreased almost linearly with an increase in temperature while CYS5 
showed a two-step decrease with a sharper decrease at a temperature of 
below 100 °C. The mechanism of this process needs to be further 
studied. 

The EL spectra of the Ce:YAG ceramics with different amounts of 
sintering aids of MgO or TEOS under blue chip excitation (445 nm) are 
shown in Fig. 10. CYM ceramics were found to have serious blue light 
leaks, while CYS ceramics absorbed the excited blue light sufficiently 
and the emission intensity was comparatively higher. Fig. 11 presents 
the comparison of the luminous efficacy of the Ce:YAG ceramics coupled 
with commercial blue LED chip excitation. It can be seen that the CYS 
ceramics have an overall enhancement of luminous efficacy with respect 
to CYM ceramics, 80 — 110 Im/W vs 20 — 70 Im/W. Reference Ce:YAG 
ceramic with compound sintering aids (0.08 wt % MgO +0.8 wt % 
TEOS) [42] was also shown here, and luminous efficacy was found to be 
located in the middle level compared with that of CYM and CYS series 
ceramics. A similar tendency is also shown in Fig. 12, which shows a 
comparison of the luminous flux of the Ce:YAG ceramics under blue LD 
chip excitation with an input power of 1.4 W. Table 2 summarizes the EL 
parameters of Ce:YAG ceramics under the excitation of a commercial 
blue LED chip with a wavelength of 445 nm. The emission of CYS ce- 
ramics exhibited a slight redshift (~ 5- 10 nm) compared with CYM 
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Fig. 8. PLE (Aem = 530 nm) and PL (Aex = 450 nm) spectra of the Ce:YAG ceramics with different amounts of sintering aids of (a) MgO (CYM 1-6) and (b) TEOS (CYS 
1-6); (c) The comparison of their integral PL intensity dependence with MgO or TEOS amounts. 


ceramics. The maxim luminous efficacy (106.4 lm/W) occurred in CYS 
ceramics at the addition of 0.6 wt % TEOS, while for CYM ceramics, the 
maxim luminous efficacy occurred at the addition of 0.6 wt % MgO, 
although the value (68 Im/W) was comparatively lower than that of 
CYS. The high efficacy of ~106.4 Im/W and low CCT of 3742 K at the 
thickness of 0.5 mm is comparable to the single-surface textured Ce:YAG 
ceramics (93.0 lm/W, 4144K, 0.8 mm) [2] or transparent Ce:YAG ce- 
ramics (106 - 223 lm/W) [4]. 

In general, the red-light compensation and sufficient absorption of 
blue emitting light are still the import factors to improve both the lu- 
minous efficacy numbers and the quality of lighting. In this work, the 
CYS series ceramics exhibited a better lighting performance than that of 
CYMs which shows their potential in the future. The worse PL and EL 
performance of CYMs might be due to the insufficient absorption of blue 
light, the cation vacancies introduced by Mg** and corresponding 
charge compensation may possibly introduce point defects and forma- 
tion of Ce** caused by Mgt compensation, for example, the emergence 
of Oò defects localized next to Mg?+ sites due to charge imbalance [34], 
as well as a decrease in Ce** owing to Ce** formation [55], whereas the 
former is the effective luminescence activator in Ce:YAG ceramics. 


4. Conclusions 


In summary, a series of Ce:YAG transparent ceramics were fabricated 
by the solid-state reaction method through vacuum sintering at 1750 °C 


for 20 h. The effect of extra Mg?* and Sif" addition on Ce:YAG ceramics 
was investigated. MgO or TEOS was added as additional sintering aids 
outside the chemical stoichiometric of Ce:YAG in a wide range, i.e. 0.04 
wt %, 0.06 wt %, 0.08 wt %, 0.4 wt %, 0.6 wt %, and 0.8 wt %. The heavy 
addition of MgO was found to result in the segregation of MgO in Ce: 
YAG ceramics, while an excess of TEOS led to the segregation of Al203, 
which was ascribed to the competitive advantages of smaller Si** to 
bigger Mg** in substitution of Al°* in tetrahedral site considering the 
matched degree of their ion radius. Besides, MgO proved to have a 
distinct inhibiting effect on grain growth and a worse optimization effect 
on luminous efficacy compared to TEOS. The maxim luminous efficacy 
occurred in 0.6 wt % TEOS (106 lm/W) or MgO (69 Im/W) added Ce: 
YAG ceramics, respectively, and their in-line transmittance also reached 
up to 80%. This comparison study on the effect of Mg?” and Si** on 
luminescence performance sheds light on the rules to balance the optical 
transmittance and luminescence performance of Ce:YAG ceramics. 
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Fig. 11. Comparison of the luminous efficacy of the Ce:YAG ceramics under blue LED chip excitation, Aex = 445 nm. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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Table 2 
The EL parameters of Ce:YAG ceramics under the excitation of a commercial blue LED chip with a wavelength of 445 nm. 
Sintering aids amount (wt. %) Luminous efficacy (Im/W) color coordinate CCT (K) Emission peak (nm) FWHM (nm) 
x y 
Blue LED chip 13.46 0.1563 0.0209 100000 445 17.6 
MgO 0.04 38.6 0.4066 0.515 4181 540 104.4 
0.06 60.24 0.4273 0.5378 3954 550 105 
0.08 68.05 0.4182 0.5213 4021 540 105.2 
0.4 63.28 0.429 0.5201 3853 545 103.8 
0.6 68.94 0.4241 0.5384 4003 540 103.4 
0.8 25.02 0.3834 0.4679 4417 535 111.1 
TEOS 0.04 106.4 0.4402 0.5317 3742 545 100.4 
0.06 87.64 0.4365 0.5357 3813 560 109.6 
0.08 84.64 0.4298 0.5197 3839 550 108.2 
0.4 88.15 0.4398 0.5297 3740 545 109 
0.6 104.6 0.4402 0.5329 3749 545 100.8 
0.8 97.52 0.3949 0.4505 4109 545 100.8 
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